abstract: Spatial patterning is a key natural history attribute of sessile organisms that frequently emerges from and dictates potential for interactions among organisms. We tested whether bunchgrasses, the dominant plant functional group in longleaf pine savanna groundcover communities, are nonrandomly patterned by characterizing the spatial dispersion of three bunchgrass species across six sites in Louisiana and Florida. We mapped bunchgrass tussocks of 15.0 cm basal diameter in three 3 # 3Àm plots at each site. We modeled tussocks as two-dimensional objects to analyze their spatial relationships while preserving sizes and shapes of individual tussocks. Tussocks were overdispersed (more regularly spaced than random) for all species and sites at the local interaction scale (!0.3 m). This general pattern likely arises from a tussock-centered, distance-dependent mechanism, for example, intertussock competition. Nonrandom spatial patterns of dominant species have implications for community assembly and ecosystem function in tussock-dominated grasslands and savannas, including those characterized by extreme biodiversity.
Introduction
Nonrandom spatial patterns are frequently observed in natural populations (Levin 1992; Rietkerk and van de Koppel 2008;  fig. 1 ). When individual organisms are modeled as either points or shapes, their population-level spatial dispersion pattern is nonrandom when it departs from complete spatial randomness (Wiegand and Moloney 2014) . Overdispersed (more regularly spaced than random) patterns occur in some plant populations (e.g., van de Koppel and Crain 2006) . Overdispersed patterns can be generated by inhibition or scale-dependent feedback mechanisms whose strengths vary as a function of distance from each individual organism, for example, competition or plant-soil feedbacks (Packer and Clay 2000; Kikvidze et al. 2005; Stoll and Bergius 2005; . In contrast to overdispersion, aggregated or clumped patterns-such as those found in biofilms in mudflats and herbaceous vegetation in alpine ecosystems-may be generated by facilitation, limited dispersal, environmental heterogeneity, or clonal propagation (Gibson and Menges 1994; HilleRisLambers et al. 2001; Purves and Law 2002; Gilbert and Lechowicz 2004; Lejeune et al. 2004; Houseman 2013 ). Facilitation and competition operating in tandem can generate a combination of both small-scale aggregation and larger-scale overdispersion in mussel beds and shrubs in arid ecosystems (Lefever and Lejeune 1997; van de Koppel et al. 2005 van de Koppel et al. , 2008 Cipriotti and Aguiar 2015) . Competition may also counteract facilitation to generate random patterns (Kikvidze et al. 2005) . Accurately characterizing spatial patterns in nature can generate useful insights toward understanding the natural history of sessile organisms and how local ecological pattern-formation processes scale up to influence populations, communities, and ecosystems.
Individuals in a community are often assumed to encounter other individuals, whether conspecifics or heterospecifics, in proportion to their average population densities. This is referred to as the mean-field assumption (Murrell et al. 2001) . In communities with species-specific nonrandom spatial patterning and ecological processes (e.g., competition, dispersal, natural enemies) occurring at relatively small spatial scales, the mean-field assumption may not be an accurate reflection of what most individuals experience (Murrell et al. 2001; Milbau et al. 2007; Hart and Marshall 2009 ). In sessile communities, where individuals are subject to the conditions of their immediate surroundings, the meanfield assumption is especially likely to be violated (Tilman 1994; Barot et al. 1999) . If individuals are aggregated by species, they will encounter heterospecifics in lower proportion than predicted by the mean-field assumption, reducing interspecific competition in the community (Stoll and Prati 2001; Hart and Marshall 2009; Raventós et al. 2010) . If individuals within a species are overdispersed, they will encounter heterospecifics in higher proportion than predicted by the mean-field assumption, increasing interspecific competition in the community (Hart and Marshall 2009) . Furthermore, if individuals within a physically and competitively dominant species are overdispersed, the resulting increase in heterospecific encounters and interspecific competition between dominant and subordinate species may increase the effect of dominant species on community dynamics relative to their abundance.
Many studies of spatial patterns rely on point-pattern analyses (pair-correlation functions, nearest-neighbor distances, or other measures) that treat individuals as points on a map. However, a sessile individual occupies a volume of three-dimensional space and an area of two-dimensional space. When the space an individual occupies is large relative to the scales over which many interactions occur and when there is a size disparity among interacting individuals, treating individuals as dimensionless points may produce inaccurate assessments of pattern (Wiegand et al. 2006 ).
For example, centroids of the two-dimensional projections of two sessile, nonoverlapping organisms cannot be nearer one another than the summed distance of their radii, whereas in randomized simulations, those centroids as points could occur more closely to one another, thereby biasing the test in favor of finding overdispersion. This bias arises from the fact that the observed nearest-neighbor distances would be skewed toward larger values than the distribution of expected nearest-neighbor distances using a centroid-based approach. Therefore, preserving the sizes and shapes of individuals in many spatial pattern analyses is vital to accurately characterizing the spatial patterns observed in nature.
As in many grasslands and savannas worldwide, bunchgrasses often constitute the majority of aboveground biomass in groundcover plant communities. Longleaf pine savannas are an ideal environment in which to examine spatial patterning given that they have a species-rich groundcover dominated by large-stature C 4 bunchgrasses. Despite high dominance by bunchgrasses, longleaf pine savannas harbor some of the highest levels of small-scale plant species richness worldwide, for example, 30-40 · 1 m 22 (Walker and Peet 1983; Peet and Allard 1993; Kirkman et al. 2001) . Dominant bunchgrasses are foundation species in pine savanna groundcover because they have an oversized influence on community and ecosystem processes due to their abundance (e.g., negative or positive effects on subordinate species, producing fuel that enables fire, etc.; Platt 1999; Ellison et al. 2005; Myers and Harms 2009) . The spatial pattern of domi- nant species is likely to be an especially important determinant of the frequency of pairwise inter-and intraspecific interactions as well as larger-scale ecosystem processes (e.g., resource depletion, fire propagation; Greig-Smith 1979; Barot and Gignoux 2004; Law et al. 2009 ). Even so, spatial patterns of bunchgrasses have rarely been taken into account in studies of community or ecosystem composition in grasslands or savannas, and we know of no studies of bunchgrass spatial patterning in pine savannas specifically. Since sessile organisms interact mostly with nearby neighbors, the spatial patterning of physically or competitively dominant species can have important consequences for individual performance, population dynamics, community assembly, and ecosystem function.
To better understand the ecological roles played by dominant bunchgrasses, we asked whether bunchgrass tussocks are randomly or nonrandomly arrayed at the small scale of local neighborhoods. If the spatial pattern is nonrandom, is that pattern scale dependent? Furthermore, are nonrandom patterns consistent among species and across sites? We found consistent nonrandom spatial patterning that provides insights into intraspecific interactions among bunchgrass tussocks, dominant-subordinate interactions between bunchgrasses and smaller-stature forbs and grasses, and the characteristics of the bunchgrass functional group as a principal fuel source for grassland and savanna fires.
Methods

Sampling Methods
Between May and August 2013, we characterized the spatial patterning of the dominant bunchgrasses at six longleaf pine savanna sites ranging from central Louisiana to the Florida panhandle (tables 1, A1). All sites are managed with fairly regular 2-to 3-year prescribed fire regimes. At each site, we established three square plots measuring 3 # 3 m. Plots were selected for minimal shrub cover and were at least 20 m apart. We divided each plot into grid cells measuring 0:1 # 0:1 m and mapped onto a corresponding grid map the location and shape of the base (where the plant met and was in rooted contact with the ground surface) of each bunchgrass tussock 15.0 cm in basal diameter. We were primarily interested in the largest-diameter tussocks, since they accounted for the majority of biomass in our plots, and we included all tussocks 15.0 cm in basal diameter. Since these bunchgrasses are often rhizomatous, we considered tussocks separated by 3.0 cm of bare ground to be separate individuals. We did not observe any surface-area overlap between any two tussocks. We recorded species identity of each tussock. At each site, one species was considered dominant because of its abundance. We first assessed spatial patterning of the tussocks of only the dominant species in each plot.
Then, for the subset of plots in which additional species in the C 4 bunchgrass guild occurred, we assessed patterning of all tussocks collectively. Dominant bunchgrass species at each site are listed in table 1; second-most-common bunchgrass species are listed in table A1. We also mapped the locations of any shrubs occurring in the plots since they also represent large potential competitors (Myers and Harms 2009 ).
Data and Statistical Analyses
A tussock that was rooted in 150% of a cell was considered to be an occupant of that cell. No more than one tussock occupied a single cell. The data matrix for a single plot therefore contained an entry for each 0:1 # 0:1Àm cell in the plot. Each entry was either a zero (0) or a number code that corresponded to the identity of one of the bunchgrass species or shrub cover (data deposited in the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.20536 [Hovanes et al. 2018] ).
We used Programita (ver. 2010; see Wiegand et al. 2006 ) to analyze the spatial patterns of bunchgrass tussocks at multiple spatial scales in each plot. We calculated the univariate L-statistic, L(r), to identify nonrandom spatial patterns in each plot; L(r) is the ratio of the number of individuals that occur within a certain distance of a focal individual to the number of individuals expected to occur within that distance given the plot-wide density of individuals (Wiegand et al. 2006 ). The L(r) measure was calculated by Programita at 0.1-m increments, ranging from a radius of 0.1 m to 1.5 m around focal tussocks.
Because L(r) is a cumulative measure of spatial dispersion (i.e., data used to determine spatial patterns at small scales are included in measurements of spatial patterns at larger scales), especially strong nonrandom spatial patterns at small scales can mask other spatial patterns at larger scales (Wiegand and Moloney 2004) . To accurately pinpoint the scale at which nonrandom spatial patterns occur, we also calculated the univariate O-ring statistic. The O-ring statistic is similar to L(r), but the ring width is fixed. Therefore, as the scale being measured increases, data at smaller scales are excluded from the analysis. For the O-ring analyses, we set the ring width to 0.3 m, which is larger than the individual tussocks (as recommended in the Programita manual), and to accommodate five nonoverlapping ring widths within focal tussocks' 1.5-m L(r)-assessment radii.
We generated a null expectation for L(r) and the O-ring statistics of each plot by rearranging individual tussocks under the assumption of complete spatial randomness for 199 iterations. We constructed 95% confidence envelopes around the null expectation for each plot using the fifth-highest and fifth-lowest values generated by the Monte Carlo simulation (Wiegand and Moloney 2014) . The sizes and shapes of indi-vidual tussocks were preserved and individual tussocks were not allowed to overlap. We used the toroidal correction to reduce bias away from plot edges. Values of L(r) and O-ring lower than the null expectation indicate overdispersion; L(r) and O-ring values within the null expectation indicate random patterns; L(r) and O-ring values higher than the null expectation indicate aggregation.
To compare our analysis against a point-pattern assessment, we also analyzed the spatial patterns of tussocks as points in Programita, using the centroid of each tussock. We found that using point-pattern analysis without accounting for the shapes and sizes of tussocks consistently overestimated the scale of overdispersion relative to modeling tussocks as two-dimensional shapes. We do not present these results, since point-pattern analysis is inappropriate in this case. Population-level, species-specific bunchgrass tussocks were significantly overdispersed in all sites and across all species. The scale at which L(r) indicated an overdispersed pattern varied, ranging from a radius of 0.2 to 1.1 m around focal tussocks (table 1) , and in no cases did we detect aggregation.
Results
Tussock
The O-ring statistic indicated a less variable scale of overdispersion, ranging from a radius of 0.1 to 0.3 m around focal tussocks, 0.67-2.0 times the mean tussock diameter (table 1) . In a few cases, the O-ring statistic indicated that dominant species were aggregated for a short distance beyond the maximum radius of overdispersion but then transitioned into random patterns at the largest testable radii (table 1) . When we analyzed all tussocks collectively, as a functional guild, the results were qualitatively similar to the overdispersed patterns we found for dominant species only, and we found no cases of aggregation (table 1) . By analyzing the tussocks as two-dimensional shapes rather than dimensionless points, our analysis revealed the scale at which the spatial pattern changed from overdispersed to random. The overdispersed pattern was only significant at small scales relative to the sizes of and distances between nearest-neighbor tussocks. In contrast, when the radius was expanded beyond a threshold distance from the focal tussock, the spatial pattern became random ( fig. 2) , even though in a few cases when the dominant species were analyzed separately, the pattern became aggregated over a very narrow range of radii. Thus, the pattern of bunchgrass overdispersion was scale dependent and likely affected primarily by local biotic interactions.
Discussion
Bunchgrass tussocks were overdispersed at the local neighborhood scale at all sites and for all species. Two possible classes of mechanisms may give rise to overdispersed patterns: abiotic microsite heterogeneity (e.g., an overdispersed distribution of nutrient-rich patches) or a biotic repulsion dependent on distance between individual tussocks (e.g., tussock-tussock competition, apparent competition mediated by natural enemies, or other enemy-related influences). The consistency of the overdispersed pattern renders it unlikely that underlying abiotic microsite heterogeneity (which would likely be structured idiosyncratically among sites) caused the pattern. Rather, our results suggest that a scale-dependent, biotic mechanism is likely responsible for generating the pattern.
Although we cannot infer the specific mechanism responsible for overdispersed spacing of tussocks based solely on the observed pattern, overdispersed patterns are generally caused by scale-dependent mechanisms (van de Koppel et al. 2005 Rietkerk and van de Koppel 2008) . Intraspecific competition, negative distance-dependent interactions between hosts and their natural enemies, and small-scale fire heterogeneity (owing to the fuels produced by the tussocks themselves) are examples of scale-dependent mechanisms that may generate overdispersed patterns. Intraspecific competition (or intertussock competition within the bunchgrass guild) for light, water, or soil-borne resources could prevent tussocks from growing directly adjacent to each other (Stoll and Bergius 2005; van de Koppel and Crain 2006; Rietkerk and van de Koppel 2008; Wallet 2015) . Large tussocks could function as reservoirs for enemies (herbivores, pathogens), making seedlings less likely to successfully establish near them (i.e., a Janzen-Connell mechanism; Janzen 1970; Connell 1971; Bagchi et al. 2010 ). In fire-driven pine savannas, increased accumulation of flammable biomass where grass blades and culms overlap between large tussocks could lead to greater intertussock soil heating during fires, causing the death of seedlings sprouting in the spaces between tussocks (Gagnon et al. 2015) . Each of the proposed mutually compatible mechanisms-alone or in combination-could cause the overdispersed patterning. Even so, the ubiquity of the pattern from plant to plant renders the simplest mechanism the most parsimonious; since intertussock competition for light or soil resources does not require an additional agent (higher-trophic-level enemies or fire), this might be the underlying cause. In any case, further research involving experimental manipulations is needed to identify the mechanisms causing overdispersed spacing of bunchgrass tussocks in pine savannas.
Just as nonrandom spatial patterns of species have consequences for population, community, and ecosystem dynamics in sessile organisms in other ecosystems (GreigSmith 1979; Amarasekare 2003; Barot and Gignoux 2004; Monzeglio and Stoll 2005; Hart and Marshall 2009; Adler et al. 2010; de Waal et al. 2015) , regardless of the causal mechanism that produces the overdispersed spatial patterning of bunchgrasses in longleaf pine savannas, the patterning should have broader consequences. Aggregated patterns of conspecifics increase the frequency of intraspecific interactions relative to interspecific interactions (Hart and Marshall 2009) . Conspecific aggregations of dominant competitors also prolong co-occurrence of inferior competitors by reducing interspecific competition (Stoll and Prati 2001; Rejmanek 2002; Idjadi and Karlson 2007) . Conversely, species-specific overdispersion reduces the frequency of intraspecific interactions and increases the frequency of interspecific interactions between the overdispersed species and other species. Overdispersed patterns of dominant bunchgrasses could reduce intraguild competition and increase interactions between bunchgrasses and subordinate species. Overdispersed bunchgrass patterns may also limit the frequency of interspecific interactions among subordinate species. Our current working model for these pine savannas proposes that spacing mechanisms among dominant bunchgrasses create overdispersed patterning, which reduces competition among the subordinate species and thereby reduces competitive exclusion among them, fostering co-occurrence, if not coexistence. This model may apply to tussock-dominated ecosystems worldwide.
Besides population-and community-level consequences, nonrandom spatial patterns in nature can also have emer-gent effects on ecosystem functions. In desert communities, aggregated shrubs increase water infiltration into the soil near vegetated patches, facilitating plant establishment and growth (HilleRisLambers et al. 2001; Rietkerk et al. 2002) . Nonrandom vegetation patterns in arid ecosystems also increase productivity and efficient use of available resources (D'Odorico et al. 2006) . Spatial pattern formation in mussel beds and arid ecosystems may increase resilience to disturbance along with enhancing productivity (van de Koppel and Rietkerk 2004; van de Koppel et al. 2005; Liu et al. 2012) . In African savannas, termite mounds function as hotspots for plant and animal abundance; the regular spacing of termite mounds observed in Kenya enhanced abundance and biomass of several trophic levels of consumers relative to randomly distributed termite mounds (Pringle et al. 2010) . Bunchgrasses produce fuels that enable natural fire disturbances. The overdispersion of bunchgrass tussocks in pine savanna groundcover may increase fuel continuity and facilitate the spread of fire. Such a consistent overdispersed pattern of bunchgrass tussocks regardless of site or dominant species indicates that tussock patterning is an important and general natural history attribute of pine savannas. Further research could determine whether the overdispersed neighbor-to-neighbor patterning extends to larger spatial scales. For example, a larger-scale spectral analysis of digitized aerial images could be employed (Couteron 2002) , with images taken after a fire as the bunchgrasses are resprouting but before they have grown sufficiently to obscure the footprints of their bases (as in fig. 1 ).
An overdispersed pattern is likely to occur in other tussockdominated herbaceous communities (grasslands, savannas, etc.) . Given the effect that nonrandom spatial patterning of sessile organisms can have on population, community, and ecosystem processes, both the causes and consequences of overdispersed tussock patterns in these ecosystems should be fully investigated. 
